INTRODUCTION
Neuropsychological assessments have served as an aid in neurological diagnosis, as a means of ascertaining neurobehavorial correlates of various diseases, and as a basis for therapy. End-stage renal disease is often controlled through the use of dialysis; it represents one of a variety of medical disorders that may have cerebral consequences (Adams et aL, 1980) . In the case of hemodialysis, prior research has utilized various neuropsychological tests to study the cognitive and sensory-motor functioning of dialyzed and undialyzed adults with end-stage renal disease. This research has focused upon the following: (1) the neuropsychological sequelae of the uremic state in undialyzed patients; (2) the longitudinal effects of hemodialysis on the neuropsychological impairments of the uremic patient; and (3) possible daily fluctuations in the cognitive and sensory-motor abilities of the chronic dialysis patient, with corollary investigation into the origin of such changes. Sharp and Murphy (1964) surgically induced a uremic state in primates and found that behavioral decrements on a task (avoiding shock by pressing a lever) occurred when blood urea nitrogen (BUN) levels reached 95 mg/100 ml and were completely reversed when the uremic state was reversed. Fishman and Raskin (1967) , in another animal experimental procedure injected labeled insulin (14C), sucrose (~4C), sodium sulfate (35S), sodium chloride (24Na), and potassium (42K) in bilaterally nephrectomized rats. The most significant finding was a disruption in the sodiumpotassium transfer in the brains of these uremic animals. The entry of K + into uremic brains greatly increased, while the Na + rate of entry slowed. Altered behavioral states, including tremors, weakness, stupor, occasional seizures, and uremic encephalopathy, were suggested as arising from altered membrane functioning that produced disturbances in sodium-potassium exchange. This finding was supported by McDaniel (1971, p.707) in humans when he administered a visual descrimination learning task to patients being maintained on intermittent hemodialysis. He suggested that "the cognitive dysfunction accompanying renal failure is primarily an interference with information processing capacities rather than visual-motor integration." McDaniel further noted that his findings indicated an underlying relationship among elevated plasma K § a relative shift to lower electroencephalographic activity, and difficulty in information processing on learning tasks in renal subjects.
Several authors (Abrams, 1969; Blatt and Tsushima, 1966; Greenberg et al., 1973; Sand et aL, 1966; Treishman and Sand, 1971) have assessed the cognitive functioning of end-stage renal disease patients, apparently untreated by dialysis. The Wechsler Adult Intelligence Scale (WAIS; Wechsler, 1955) was utilized as the primary psychometric instrument, with the Bender-Gestalt and Graham-Kendall tests also employed. With the exception of the study of Sand et al. (1966) (which may have been biased by sampling difficulties), the above studies found a pattern of deficits suggestive of cortical cerebral dysfunction. Typical deficits included those in visual-motor coordination, ability to learn new material, abstracting ability, and attention and concentration skills. Hagberg (1974) administered psychological tests to patients prior to, 6 months after, and 12 months after the commencement of dialysis. Tests included were as follows: a timed test of verbal ability, including similarities, opposites, and synonyms; a paired-associate task used to measure immediate recall of material; WAIS Block Design; Memory for Designs Test; Visual Retention Test; Mirror Test; and a visual reaction-time measure. The initial testing group (untreated by dialysis) showed a cognitive reduction similar to that found in patients with a cerebral disorder, although the dysfunction was classified as minor. Changes in cognitive functioning after 6 and 12 months of dialysis, as measured by abbreviated versions of the initial battery, revealed a consistent trend on all tests toward better performance. Improvement was especially apparent on tests measuring skills vulnerable to decline as a function of cerebral dysfunction, with a significant increase in performance on paired associates and the WAIS Block Design Subtest. Normal levels of performance were approached at the 6-month follow-up level. No signs of brain dysfunction were found 12 months after beginning dialysis. Murawski (1970) and Murawski et al. (1973) administered the Continuous Performance Test (a speeded visual-motor instrument) to clinically uremic patients and patients beginning hemodialysis (before and after first, second, and third dialyses). Murawski et aL (1973) noted that errors generally increased and a slower response rate was observed in clinically uremic patients. Improvements in performance were noted with dialysis. Murawski (1970) had previously noted, however, that after-dialysis improvement was not immediate, with recovery patterns varying. Spehr et al. (1977) administered EEGs and psychological tests to long-term maintenance dialysis patients before and after dialysis. After dialysis, there was significant improvement in maximal tapping speed, visual discrimination, and memory. Some linkage was found between EEG and test performance. "Visual discrimination and memory improved after hemodialysis parallel to the decrease of BUN, creatinine, and potassium. They were correlated negatively with low voltage, fast and complex electroencephalograph recordings" (Spehr et al., 1977, p. 796) . The increase in maximal tapping speed post hemodialysis seemed to indicate a decrease in impairment caused by toxic metabolites. Teschan et al. (1974) , Ginn (1975), and Ginn et al. (1975) utilized various performance tests of cognitive functioning to measure neurobehavioral impairments associated with uremia. The Trail Making Test, Choice Reaction Time Test, and Continuous Performance Test were utilized to measure sustained attention and alertness. To measure short-term recognition "memory, the Auditory Short-Term Memory task was employed. To assess mental manipulation of symbols, an answer recognition task was administered. Ginn (1975) and Teschan et al. (1974) found a direct relationship between serum creatinine concentration and Trail Making Test performance for azotemic subjects [r = 0.818; P < 0.01; reported by Ginn et aL (1975) as r = 0.890, P < 0.001, on a similar sample]. Eleven of 14 subjects dialyzed only twice a week had performances beyond normal limits, while the performances of subjects dialyzed three times a week were within normal limits, with but one exception. Similar results were noted by Ginn (1973) .
For the purpose of this study, we designate the dialysis observation periods as pre-(Do), post-(D,), and subsequent predialysis (D2) times. This was done b.ecause patients are dialyzed regularly and studies on this topic must focus on the epoch representing the buildup and mechanical elimination of serum waste products via dialysis. No prior study has investigated the cognitive and sensory-motor functioning of the chronic long-term hemodialysis patient in a manner which includes all of the following key components: (a) the use of a repeatable test battery measuring a wide range of cognitive and sensory-motor abilities; (b) serial testing pre-, post-, and predialysis; (c) the use of a test instrument to monitor changes in the patient's perception of his/her psychological and medical condition at each test administration (in order that variance in test performance, possibly due to perceived changes in psychological and/or medical status, might be identified); and (d) the monitoring of serum chemistry pre-(Do), post-(Dd, and pre-(D2) dialysis (coinciding with cognitive and sensory-motor test administration on Do, D,, and D2), for purposes of analyzing whether or not changes in serum chemistry are significantly correlated with possible changes in cognitive and sensory-motor test performance.
The present study included a to d above for purposes of answering the following key questions: (1) How do chronic dialysis patients' performances on cognitive and sensory-motor tests compare to available norms for a normal population? (2) What patterns of strengths and/or weaknesses may be found in the cognitive and sensory-motor functioning of the chronic hemodialysis patient? (3) Do significant changes in cognitive and sensory-motor functioning occur when pre-, post-, and predialysis performances are compared? (4) If so, are specific serum measures correlated with changes in cognitive and sensory-motor performance when test results across pre-, post-, and predialysis intervals are compared?
METHOD

Subjects
Twenty adult (age-25-68 years, M = 46.5, SD = 11.3; education-ll-16 years, M = 13.2, SD = 2.0) end-stage renal disease patients on maintenance hemodialysis 10 to 86 mos (M = 39.7, SD = 21.6), dialyzed at the Henry Ford Hospital network, were selected for this study. Fourteen male and six female subjects were included, the proportion of which resulted from subject availability. All subjects were on a three times/week dialysis regimen. To ensure that all subjects had been adequately dialyzed prior to the commencement of this study, all subjects chosen had a predialysis BUN of 50-100 mg/100 ml as determined by each of their last three biweekly predialysis BUN values. No patient judged by medical staff to be acutely ill, to be diabetic or malnourished, or to have a history of known cerebrovascular disease was included in this study. Subjects were paid a sum of $30 for their participation in this study.
Apparatus
All subjects were dialyzed on a Century I or II Dialysis Control Unit manufactured by Cobe Laboratories. The type of hemodialyzer use~t for each subject's dialysis was determined by the size of the hollow fiber dialyzer on which he/she was typically dialyzed. No change in a subject's typical dialysis regimen was required for this study.
PROCEDURE
Psychological Test Selection and Administration
All subjects received the following battery of psychological tests (the exact schedule of administration is discussed below): (1) Benton Visual Retention, (2) Choice Reaction Time, (3) Color Naming, (4) WAIS Digit Span, (5) WAIS Digit Symbol, (6) Finger Tapping, (7) Grip Strength, (8) Grooved Pegboard, (9) Proverbs, (10) Quick Test, (11) Seashore Rhythm, (12) Speech-Sounds Perception, (13) Trail Making Test, (14) Word Fluency, and (15) Subjective Rating Scale.
Several tests (11 and 12 above) were selected directly from the Halstead-Reitan Neuropsychological Test Battery (HRB), a valid and reliable set of instruments utilized because of its sensitivity to a wide variety of neurological dysfunctions (Reitan and Davidson, 1974) and for its careful standardization (Reitan, 1969) . Other tests (3-8, 13, and 14 above) were chosen from among the subtests of the Rennick Repeatable CognitivePerceptual-Motor Testing and General Neuropsychological Assessment Battery (Adams et al., 1975; Rennick, 1974) . The latter is a set of repeatable neuropsychological test instruments, many of which were adapted from the WAIS and Halstead-Reitan Battery and developed into a repeatable format by Rennick and his co-workers at the Lafayette Clinic in Detroit, Michigan. In order to include areas of cognitive and sensory-motor performance not adequately measured by tests from the HRB and Rennick (above), other test instruments (1, 2, 9, and 10) and an interview rating device (15) were added.
The complete cognitive, sensory-motor battery (1-14 above) is relatively brief, repeatable, and accurate, measuring a wide variety of simple to complex cognitive and sensory-motor abilities. The Subjective Rating Scale (15) was developed for this study to help to determine whether potential changes in cognitive and sensory-motor functioning were due to hemodialysis effects as opposed to daily fluctuations in perceived mood, medical status, etc.
Each subject received the test battery three times according to a specified schedule. As noted above, subjects utilized in this study were on a three times/week regimen of hemodialysis. All subjects were dialyzed on Monday, Wednesday, and Friday or Tuesday, Thursday, and Saturday. Subjects dialyzed on Monday, Wednesday, and Friday received the test battery on Wednesday, Thursday, and Friday. These subjects were asked to come to the dialysis center for psychological testing 2 hr prior to their regularly scheduled dialysis: Wednesday (Do) and Friday (D2). On the day in between their dialyses Thursday (D,) subjects came in for psychological testing approximately 20 hr after the end of their Wednesday (Do) dialysis. A period of 20 hr was chosen to allow time for disequilibrium effects to wear off and to provide subjects with a time of relative conveniexlce for psychological testing. Subjects dialyzed on Tuesday, Thursday, and Saturday were administered the test battery according to an analogous regimen (see Fig. 1 ). Each subject was tested at approximately the same time each day to control for variations in performance due to possible diurnal effects. The order of administration of psychological tests was incompletely counterbalanced to prevent order effects. Complete counterbalancing was not possible due to the number of tests and subjects. In order to keep practice effects at a minimum, parallel forms of tests were utilized for the majority of test instruments. The order of parallel form administration was randomized to prevent order effects. Practice trials were administered for many of the tests to ensure that the first predialysis testing did not reflect either the subject's lack of familiarity with the task or a less than stable threshold.
Blood Sampling and Analyses
Blood samples were drawn at each testing session. To ensure that serum values most nearly approximated existing values at the time of psychological testing, blood samples were taken according to the following schedule. On dialysis days, subjects had blood samples drawn immediately after testing while being set up on the machine. On the day in between dialyses, blood samples were drawn at the culmination of psychological testing. Serum measures included the following: (1) urea nitrogen (BUN), (2) creatinine, (3) sodium, (4) potassium, (5) chloride, (6) carbon dioxide, (7) calcium, (8) phosphorous, and (9) serum amines [dimethylamine (pH 7-8, pH < 10), trimethylamine (pH 7-8, pH < 10)]. The selection of serum measures was designed to include both an electrolyte profile and a measure of middle molecules (serum amines), the latter thought by some and disputed by others as playing a crucial role in the uremic syndrome (e.g., Dunn et al., 1976; Friedman, 1978; Simenhoff, et aL, 1977) . Table I describes the psychological measures employed in the study. A general statement of the abilities measured as well as the availability of alternate forms for repeated testing is made. Repeatability and representativeness were key determinants in the selection of measures for the study. Detailed instructions for administration and scoring are available from the second author.
Psychological Tests
RESULTS AND DISCUSSION
The mean, standard deviation, and range were calculated for each cognitive, sensory-motor, and serum measure. The dialysis group's mean performances for each test measure were compared with available norms for a normal sample. The mean, standard deviation, and range were also calculated for each independent variable (age, education, time on dialysis). A one-factor analysis of variance with repeated measures (20 subjects each tested repeatedly on a series of cognitive, sensory-motor, serum, and subjective rating scale measures over 3 days, Do, D1, and D~) was performed to determine if significant differences in cognitive and sensory-motor test performance, subject rating scale measures, and levels of serum chemistry occurred across the following 3 day-pair comparisons: Do-D~, D,-D~, and Do-D2. For each measure in which there was a significant difference between means on at least one day-pair (D0-D1, D1-D~, D0-D2), the Duncan Multiple Range Test was employed to identify on which day-pair(s) the significant difference between means occurred.
The following correlation matrices utilizing the Pearson product-moment coefficient (r) were calculated: (1) each cognitive and sensory-motor measure with each serum measure, separately for Do, D,, and D~; (2) difference scores for each cognitive and sensory-motor measure on Do, D,, and D2, with difference scores for each serum measure on Do, D1, and D2; (3) age, education and time on dialysis with each cognitive and sensory-motor measure separately for Do, D,, and D2; (4) each serum measure with every other serum measure, separately on Do, D,, and D2; (5) each independent measure with every other independent measure; (6) each cognitive and sensory-motor measure with every other cognitive and sensory-motor measure, separately on Do, D,, and D2.
Finally, the following correlation matrices utilizing the Spearman rho were calculated: (1) Discomfort Index with each cognitive and sensory-motor measure, separately on Do, D,, and D~; and (2) Discomfort Index with each element of the Subjective Rating Scale, separately ol. D,, and D2.
Effects of Hemodialysis on Serum Chemistry
Prior to discussing the possible effects of changes in serum chemistry on repeated cognitive and sensory-motor test performance (across Do, D1, and D2), it is first necessary to indicate what changes in the serum chemistry monitored in this study actually occurred. A consideration of this matter (mean, standard deviation, range, and normal values for serum measures; analysis of variance results for serum measures; and Duncan multiple range test for serum measures) revealed that hemodialysis and those physiological processes occurring thereafter (rebound effects, continued buildup of toxic metabolites) affected serum chemistry in a statistically significant fashion. Mean values for all serum measures fell within the expected range for the typical adequately dialyzed patient. With the exception of sodium and calcium, all mean serum measures were beyond normal limits on Do, D,, and D~. (A summary of these results is available from the second author on request.)
All critical serum measures (e.g., BUN, creatinine, dimethylamine, and trimethylamine) changed significantly in the expected direction when the crucial Do-D1 (pre and post) and D1-D: (post and pre) comparisons were made. Only three serum measures (sodium, potassium, and phosphorous) did not change significantly on any of the three day-pair comparisons (D0-D,, D,-D~, D0-D~), in keeping with expected results. The fact that the (Rennick, 1974) 3 alternate forms (Rennick, 1974) No ne None There were nine serum measures that yielded significant (P < 0.05) differences on the Duncan Multiple Range Test on at least one of the three day-pair comparisons. No significant differences for the D0-D2 comparisons were found for chloride, carbon dioxide, calcium, dimethylamine (pH > 10), and trimethylamine (pH 7-8, pH > 10), also in keeping with expected results.
In summary, individual levels of BUN and creatinine (small molecules) and dimethylamine and trimethylamine (middle molecules) were changed significantly by hemodialysis and allied physiological processes across Do, D~, and D2, These particular serum measures served as crucial signposts for assessing "adequacy of dialysis" in this study. The fact that these serum measures were significantly changed across Do, D~, and D2 warrants an inquiry into the possible effects of such changes on repeated cognitive and sensory-motor test performance on Do, D~, and D2. Prior to this inquiry, the results of dialysis patients' levels of performance are examined.
Levels of Performance: Cognitive and Sensory-Motor Tests
An analysis of the means, standard deviations, obtained ranges, and normal performance ranges (where available) for each cognitive and sensory-motor measure on Do, D1, and D2 was carried out. (Actual data are available from the second author.)
Despite a daily buildup of toxic renal metabolites, dialysis patients scored within the normal range on Do, D1, and D2 on the following tests: Choice Reaction Time, Color Naming Time, Digit Span, Finger Tapping (male dominant), Grip Strength (male dominant and nondominant), Proverbs Test, Quick Test, and Seashore Rhythm.
On the Proverbs Test, a measure of verbal comprehension and abstract thinking, the mean for dialysis patients was in the upper end of the high normal range on Do, DI, and I)2. This finding must be tempered by the fact that the scoring of responses on the Proverbs Test is based not on accuracy of content, but simply on whether or not the subject is able to "abstract" each concrete element of the proverb into a more generalizable phrase in explaining its meaning. In other words, although a subject's interpretation of a proverb may be poor, as long as it represents an abstract generalization, full credit is given. Dialysis patients, as a whole, demonstrated a well developed ability as regards satisfying the scoring requirements (noted above). However, an informal review of the quality of proverb interpretations suggests that the quality achieved did not always compare to the ability to abstract each concrete element of the proverb. This conclusion seemed compelling, despite the admittedly subjective nature of judging the quality of content.
Mean test scores varied across test administrations from mildly impaired to within the normal range on the following measures: Digit Symbol, Finger Tapping (male nondominant, female dominant), SpeechSounds Perception, and World Fluency. (All significant variations across successive test administrations are presented and their significance discussed shortly.)
Performance on Digit Symbol improved from mildly impaired on Do to barely within the lowest end of the normal range on DI and D2. (Differences between Do and D,, and Do and D~, were statistically significant: P < 0.05 and P < 0.01, respectively.) Apparent on this test were the subjects' slowness in switching set from number to symbol (despite the presence of a reference model) and nonreliance on memory (symbol association).
Performance on the Speech-Sounds Perception and World Fluency tests improved from mildly impaired on Do to within normal limits on DI. Improvements in performance for World Fluency were not significant, however. If the mean performances for Word Fluency on Do, D,, and D2 are averaged (since it is unlikely that there was a significant practice effect), the mean score would fall within the low end of the normal range. Fluctuations in performance on Speech-Sounds Perception Test were significant. However, the difference between mean scores on both Do to D, and Do to D2 amounted to but one test item (of 20). (The difference between the mean D1 and D2 scores was not significant.) These minor fluctuations do not appear to be clinically significant. While they cannot be accounted for by changes in serum chemistry or discomfort levels (as explored shortly), it is possible that a slight practice effect was responsible for the improvement from Do to D1. After D1, subjects seemed to have reached a stable level of responding.
Dialysis patients were clearly impaired on all three test administrations on Grooved Pegboard; Strength of Grip (female dominant and nondominant), and Finger Tapping (female nondominant). Mild to moderate impairment on Grooved Pegboard dominant time in, moderate impairment on Grooved Pegboard nondominant time in, mild deficits on Finger Tapping (female nondominant) and mild impairment on Strength of Grip (female dominant and nondominant) were likely due to peripheral neuropathy and/or other peripheral damage along the axis of the needle access. Subjects complained of numbness in their finger tips, with consequent difficulty feeling and holding the pegs on the Grooved Pegboard Test. On Finger Tapping and Grip Strength subjects complained of mild discomfort of the wrist, forearm, and fingers.
Performance on Part A of the Trail Making Test was moderately impaired on Do and mildly impaired on D~ and D2. Impairments on the second and third testing sessions (D~ and D2) were especially surprising, in view of the fact that the same form of the test was utilized for all test administrations. Performance on Trail Making B was severely impaired on all test administrations. On Parts A and B subjects had difficulty finding the appropriate circles, even when they knew which number or letter was required. On Part B subjects had great difficulty shifting set from number to letter, despite their ability at counting and reciting the alphabet. Additionally, subjects found the directions for Part B difficult to comprehend, despite repetition of the standard instructions. The pronounced difficulty in successfully implementing a plan requiring the switching of set, particularly on Part B, although not definitively suggestive of cerebral impairment, is often seen in persons suffering from mild dysfunction in various regions of the brain.
On the Benton Visual Retention Test, while the mean performance was mildly impaired on each test administration, a testing of limits suggested that the difficulty was not in the visuoconstructive skills per se area, but rather in visual memory. When a reference drawing was provided with no memory required, subjects demonstrated little difficulty on the task.
The results suggestive of cerebral dysfunction (cited above) appear at first glance to contradict the findings of Hagberg (1974) . In testing dialysis patients just prior to beginning dialysis and again 6 and 12 months later, Hagberg concluded that no signs of cerebral dysfunction were evident at the 12-month follow-up testing. Hagberg's battery at the 12-month follow-up (an abbreviated version of his pre dialysis and 6-month follow-up battery) was sufficiently scant (especially when compared to the fairly comprehensive test battery used in the present study) that the discrepancy in results is not surprising. Of singular exception, however, is the direct contradiction in findings on the Benton Visual Retention Test (VRT). Hagberg's sample scored within normal limits, while the present sample sample scored in the mildly impaired range. Hagberg's sample size decreased from 23 to 16 subjects at the 12-month follow-up testing. However, it is unlikely that the majority of subjects who dropped out were significantly impaired on the Benton VRT. A more important sample difference between the present study and that of Hagberg was the mean length of time on dialysis. At the 12-month follow-up testing, all of Hagberg's subjects were on hemodialysis for 12 months, while the mean time on dialysis in the present study was 39.7 months (range, 10-86 months). While it is theoretically possible that the difference in mean time on dailysis may have been responsible for the discrepancy in results on the Benton VRT, statistical analyses do not support such a hypothesis. (Pearson product-moment correlations of time on dialysis with each cognitive and sensory motor test resulted in but one significant correlation.)
It is important to emphasize that, amidst the controversy over questions of cerebral dysfunction in persons undergoing dialysis because of kidney failure, the patients studied in this investigation, who are stable and "adequately" dialyzed, perform within the normal range on a wide variety of cognitive and sensory-motor tests. Considering the well-known findings that undialyzed uremic patients experience cognitive and sensory-motor impairment, the present study further demonstrates the beneficial effects of hemodiaiysis on cognitive and sensory-motor functioning.
Effects of Time of Test Administration on Cognitive and SensoryMotor Test Performance
There were significant differences in performance on at least one of the three possible day-pair comparisons (Do-D, D~-D2, Do-D2) for 11 of the 27 test measures. Table II presents these significant changes. The day-pair comparison which most clearly serves as an indication of the possible effects of changes in serum chemistry on cognitive and sensory-motor test performance is the Do-DI comparison. Thus it is examined first.
Of the 11 cognitive and sensory-motor test measures that were statistically significant on at least one day-pair comparison, six measures showed a significant difference on the Do-D~ day-pair (all improvements in performance): Part A of the Trail Making test; WAIS Digit Symbol; Speech-Sounds Perception; Color Naming Time; Grooved Pegboard dominant and nondominant time in; and Grooved Pegboard dominant time out. Part A of the Trail Making Test is not considered to be a legitimate test measure for day-pair comparisons. The same form was utilized on all 3 days, making it clearly susceptible to practice effects. Thus, five test measures significant on the Do-D1 comparison remain for consideration. Additionally, each test measure showed a significant difference on the Do-D2 comparison. These are discussed below.
The significant difference in performance between Do and DI and between Do and D2 for Digit Symbol, Speech-Sounds Perception, and Grooved Pegboard dominant and nondominant time in and Grooved Pegboard dominant time out do not appear to be due to a significant change in serum levels of the substances measured~ Supporting this conclusion is the fact that the number of significant correlations resulting from (1) the Pearson correlation coefficient of each serum measure with each cognitive and sensor-motor measure and (2) the Pearson correlation of each serum measure difference score (Do-D, D1-D2, Do-D2) with each cognitive and sensory-motor difference score were less than would be expected by chance. The change in serum levels and test scores was, in general, sufficiently large that, if significant correlations were present, they would have been observed on statistical analysis. The evidence for changes in cognitive and sensory-motor test performance being due to changes in the Discomfort Index (the additive sum of the discomfort ratings of each element of the Subjective Rating Scale) is minimal. Spearman correlational analyses of the Discomfort Index with each cognitive and sensory-motor measure on Do, D1, and D2 resulted in but 2 of a possible 81 statistically significant correlations (P ~< 0.01) Finally, Pearson correlation analyses involving education, age, and time on dialysis with each of the individual cognitive and sensory-motor measures revealed that these variables had no significant effect on the statistically significant test changes occuring on Do, D,, and D~. A careful consideration of the mean test scores for WAIS Digit Symbol and Grooved Pegboard dominant time in shows that subjects continued to improve on each test administration (Do, D~, and D~). The particular improvement on test scores for the Grooved Pegboard test was most probably due to the dialysis patients' ability to implement a strategy which successfully overcame the effects of peripheral neuropathy, especially numbness (noted previously). As one subject stated, "It took me a long time to learn how to do this test." This suggests that an even longer practice trial than was provided may be necessary for subjects to reach a stable levels of responding. Despite significant improvements from Do-D1, and D0-D2 for Grooved Pegboard (dominant time in and nondominant time in), performances on D, and D2 were still in the impaired range.
Significant differences between Do-D~ and between D0-D2 for WA1S Digit Symbol also appear to be due to a practice effect. As noted previously, subjects had difficulty both in switching set and in utilizing memory for purposes of symbol association. By D,, subjects seemed to have reached a stable threshold of responding. While they continued to improve on D2, differences between D, and D2 were not statistically significant. Even with significant improvements from D0-D1 and D0-D2 performance on D1 and I)2 were still barely within the normal range on the Digit Symbol test.
As regards Digit Symbol and Grooved Pegboard, neither showed a significant regression on the D,-D2 comparison. The absence of a significant regression on the D1-D2 day-pair comparison on these tests, when significant dif-ferences occurred between Do-D1 and Do-D2, must be considered. Two hypotheses are offered. The first is termed the "nullification hypothesis"; the second, the "practice effect hypothesis." The nullification hypothesis is considered first.
It could be argued that there would have been a regression in performance from D, to D~ (due to the increasing buildup of toxic renal metabolites) had there been no practice effects. Such an argument would conclude that the theoretical regression on D~, due to the increasing buildup of toxins, was nullified by a practice effect and, therefore, was not statistically obvious. This argument deserves serious consideration.
In order for the nullification hypothesis to be credible, it must be demonstrated that a decrease in the levels of toxic renal metabolites was significantly correlated with an improvement in performance levels on psychological testing. In other words, if performance levels should decrease due to a buildup of toxic renal metabolites (from D1 to D2), then performance levels should improve due to a reduction in the levels of toxic renal metabolites. Since the significant decrease in the levels of toxic renal metabolites measured in this study was not consistently related to a corresponding significant improvement in performance, it cannot be argued credibly that an increase in toxic renal metabolites caused a decline in performance. Thus, the nullification hypothesis fails to be supported.
The practice effect hypothesis would assume that effects on performance due to changes in serum levels were minimal or nonexistent, an assumption that was supported above. The practice effect hypothesis argues that the reason for no significant difference between D1 and D~ (despite significant differences between Do and D1 and between Do and D~) was that, after completing the DI testing, subjects had achieved a relatively stable level of performance. Although they continued to improve on D~ (WAIS Digit Symbol, Grooved Pegboard dominant time in), it was not a significant improvement. In other words, the assumption that the practice period on Do would be sufficient to eliminate practice effects was mistaken. It was not until after the D~ performance that stable levels of performance were finally achieved. Thus, when the Dx-D2 day-pair comparison was calculated, no significant difference was observed. This is true because, if the Do-D~ comparison were significant, the Do-D2 comparison must also have been (since D~ was greater than DI).
The practice effect hypothesis appears to be the most reasonable explanation for the absence of a significant regression between D1 and D2 for WAIS Digit Symbol and Grooved Pegboard. The nature of WAIS Digit Symbol and Grooved Pegboard together with the specific difficulties that dialysis patients encountered on these tasks (discussed previously), supports this conclusion.
As noted previously, the statistically significant difference between mean scores Do-D1 and Do-D2 on the Speech-Sounds Perception Test does not appear to be clinically significant (as the difference between scores on Do-D1 and Do-D2 amounted to but one test item). It is quite possible that, given the novel nature of this task, a slight practice effect occurred on the second test administration (DI), causing the significant improvement from Do to D,. Although the score on D2 was not significantly different from D,, the fact that the score on D~ was larger than the score on DI would account for the significant difference between the mean on Do and D2.
Given the nature of the Color Naming Test, it is unlikely that the significant difference between Do and D1 was due to a practice effect. (The practice trials on this test would appear to be sufficient to allow subjects to achieve a stable level of responding.) It is also unlikely, however, that the difference was due to changes in serum levels, unless it is related to some product not measured in our assays. This conclusion is supported by the correlation results reported previously. No explanations for significant improvements on the Do-D1 and DI-D~ comparisons and the absence of a significant regression on the D~-D2 comparison are immediately obvious.
In sum, when all 27 test measures are taken into account, changes in those serum chemistry levels monitored over Do, D,, and D~ appear to have had a minimal effect on test peformance. The same may be said for the Discomfort Index. The practice effect hypothesis appears to explain fluctuations in performance for Digit Symbol, Grooved Pegboard, and Speech-Sounds Perception, while fluctuations in performance for Color Naming Time remain unexplained. Indeed, when explanations for the fluctuations noted above are considered, dialysis patients' overall levels of performance over Do, D~, and D2 appear to have been remarkably stable.
A comparison of the results of the present study with those of prior research points to several discrepancies. Spehr et aL (1977) , in administering cognitive and sensory-motor tests to long-term maintenance hemodialysis patients, found that, after hemodialysis, there was a significant improvement in maximal tapping speed (repetitive pressing of a button) and visual discrimination and memory (assessed by tachistoscopic presentation of numbers with variable presentation time.) Visual discrimination and memory improved after hemodialysis, parallel to the decrease in BUN, potassium, and creatinine. Ginn (1973 ), Teschan et al. (1974 , and Ginn (1975) reported that, regardless of the absolute value of the predialysis (Do) level of performance on the Auditory Short Term Memory Test, subjects showed a temporary improvement in level of performance (P < 0.01) on the morning following dialysis (D1) and regression to a lower level of performance just prior to the next dialysis (P < 0.01). Perhaps less adequate or complete dialysis in these patients might account for these findings.
Thus, the aspect of the present research concerning the effects of chronic hemodialysis on cognitive and sensory-motor functioning lends little or no support to prior research findings. Cross-study comparisons remain quite inexact, however, since one cannot be certain that the discrepant results among studies do not derive from differing, but unknown, methodological factors. It is for this reason that a very detailed specification of sample characteristics, methodological procedures, etc., so often neglected in research publications, is absolutely essential in helping the researcher to determine the origins of the variance in discrepant results. For the present, it appears that little meaningful or lasting neuropsychological change can be expected if ongoing dialysis is efficient in the technical sense. We should note, however, that tests producing "level of performance" differences in comparison to normal sample norms require further research. Proximal effects of dialysis cannot be viewed as explaining these results.
The existence and nature of any stable neuropsychological deficit in uremic disease may be optimally understood in the context of reliable, reversible changes as a function of efficient dialysis. Exacting replication studies would be helpful in determining the validity of prior research investigations. Although such studies would not account for cross-study differences, clearly defined findings which withstand the test of replication would become part of an expanding knowledge base.
